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In the present study vacancies were selectively induced on the Si or predominantly on the Mo sublattices of
MoSi2 single crystals by low-temperature irradiation with electrons of low or high energies. These vacancies
were specifically detected by employing two-detector Doppler broadening measurements of the positron-
electron annihilation g quanta in addition to positron lifetime studies. Positron lifetime studies show that two
kinds of vacancies on either the Si or the Mo sublattices were induced in MoSi2 by 0.5- or 3-MeV electron
irradiation. After 0.5-MeV electron irradiation Doppler broadening spectra characteristic for Mo are detected,
which shows that the vacancies with the 139 ps positron lifetime are located on the Si sublattice. After 3-MeV
electron irradiation, only Si atoms were detected to surround the vacancy with the 156 ps positron lifetime,
which demonstrates that in this case positrons are predominantly trapped by vacancies on the Mo sublattice. In
the present experiment the selective introduction of vacancies and the detection of their location on different
sublattices have proven to be a promising technique for specifically studying atomic defects in solids with a
complex structure.
DOI: 10.1103/PhysRevB.66.144105 PACS number~s!: 61.72.Ji, 71.20.Lp, 61.72.Dd
I. INTRODUCTION
The intermetallic compound MoSi2 is a promising mate-
rial for high-temperature structural applications due to its
high melting temperature (Tm52293 K), low mass density,
excellent oxidation resistance, and high thermal
conductivity.1,2 For intermetallic compounds, the high-
temperature mechanical properties such as mechanical creep
and plasticity are significantly affected by thermal defects
such as vacancies.3,4 Thermal defects and atomic processes
in intermetallic compounds can be studied specifically by
positron annihilation spectroscopy5 or time-differential
length change measurements.6 For a detailed understanding
of the high-temperature atomic processes in ordered binary
intermetallics and more complex solids, it is of interest to
selectively induce atomic defects and identify the defects,
e.g., vacancies, on the various sublattices. For this type of
investigations a combination of positron lifetime spectros-
copy and coincident measurements of the Doppler broadened
two annihilation photons up to high energies, i.e., high elec-
tron momenta can be specifically employed. By the coinci-
dent Doppler broadening technique,7,8 the studies of the core
electron momenta in the vicinity of a vacancy can be used
for a local chemical analysis of the atoms surrounding the
vacancy. From these data, information can be deduced on the
sublattice on which the vacancy is located in an ordered solid
compound.
Low-temperature electron irradiation is particularly suit-
able for a selective introduction of atomic defects as vacan-
cies in the MoSi2 intermetallic compound due to the consid-
erable mass difference of the Si and Mo atoms, which makes
it possible that, during an electron irradiation process, the
energy transferred to the lattice atoms suffices for Si dis-
placement but not for that of Mo atoms. As a result, by an
appropriate electron energy, e.g., 0.5 MeV, atomic vacancies
can be selectively induced on, e.g., the Si sublattice of
MoSi2 .
In the present work vacancies are selectively introduced
on either of the two sublattices of MoSi2 and specifically
detected by positron annihilation spectroscopy. This type of
study is expected to be of interest for the study of atomic
defects in complex solids.
II. EXPERIMENTAL PROCEDURE
A master ingot of MoSi2 was prepared by comelting Mo
~99.95%! and Si ~99.9999%! in a plasma-arc furnace under
an argon atmosphere. The MoSi2 single crystal was grown
using an optical floating-zone furnace at a growth rate of 10
mm/h under Ar gas flow.9 The specimens with a size of 8
3631 mm3 were cut from the as-grown single crystal by
employing a spark erosion technique. They were then pol-
ished mechanically and annealed at 800 K for 16 h under
vacuum (p,1025 Pa).
The irradiation of the specimens with electrons of ener-
gies between 0.5 and 3 MeV and doses of 3.731022/m2 to
7.531023/m2 was carried out at low temperatures between
80 and 200 K at the DYNAMITRON accelerator of Stuttgart
University, Germany, where electrons with a wide energy
range of 0.5 to 4.0 MeV and a fluence of ’0.1–0.15 A/m2
are available.
The positron lifetime spectra of the annealed or irradiated
MoSi2 specimens were measured at room temperature by a
fast-slow gg spectrometer with a time resolution of 210–220
ps ~full width at half maximum! using a sandwiched 22NaCl
positron source. The positron lifetimes t i and the relative
intensities I i were numerically determined by means of stan-
PHYSICAL REVIEW B 66, 144105 ~2002!
0163-1829/2002/66~14!/144105~5!/$20.00 ©2002 The American Physical Society66 144105-1
dard techniques10 from positron lifetime spectra with more
than 106 total coincidence counts.
The measurements of the Doppler broadening of the
positron-electron annihilation g spectra up to the high mo-
menta of the chemically characteristic core electrons were
carried out at room temperature, by measurements of the two
annihilation photons with the energies E1 and E2 coinciden-
tally, by means of two high-resolution Ge detectors. The high
peak-to-background ratio of .53105 was achieved by diag-
onal cuts of the E1-E2-Doppler spectra along the E11E2
5(102261.5) keV energy line. Each of these spectra con-
tains more than 43107 coincidence counts for achieving
good statistics in the core electron region above DE
55 keV, which corresponds to pL>2031023m0c for the
core electron momenta. For emphasizing the high-
momentum tails, the Doppler spectra measured on MoSi2 ,
Mo, and Si were normalized to the smoothed Si Doppler
spectrum ~see Fig. 3! so that the Si spectrum is represented
by a straight horizontal line. The reference specimens, a Si
single crystal with a @100# direction perpendicular to the sur-
face and a Mo polycrystal, were well annealed at 873 K for
48 h before measurement.
III. RESULTS AND DISCUSSION
Table I exhibits the analysis of the positron lifetime spec-
tra of annealed and irradiated MoSi2 . Only one component
with a lifetime of t05(11761) ps was determined from the
lifetime spectrum of annealed MoSi2 , which is similar to the
results of (11562) ps reported by Matsuda, Shirai, and
Yamaguchi.11 According to the experimentally deduced de-
pendence of the positron lifetimes in the delocalized free
state (t f) and in the vacancy-trapped state (tv) from the
bulk valence electron density in pure metals and compounds
in Fig. 1, the positron lifetime of 117 ps measured in an-
nealed MoSi2 indicates that the MoSi2 is in the defect-free
state without positron trapping at structural vacancies. The
dislocation density in the MoSi2 single crystals is about
109 m22. This yields a separation of dislocations of 30
31026 m, which is much longer than the positron diffusion
length (1027 m) and therefore the positron annihilation at
dislocations is negligible.
The mean positron lifetime t¯ of MoSi2 increases from
117 to 156 ps as the electron irradiation energy increases to 3
MeV ~Table I!, indicating that vacancies are induced in
MoSi2 by electron irradiation. After irradiation with 0.5-
MeV electrons the positron lifetime spectrum of MoSi2 can
be fitted by two lifetime components, one with a long life-
time of (13962) ps and the other with a short one, from
which the lifetime of positron annihilation in the defect-free
state can be determined to t f5(11368) ps according to the
simple two-state trapping model. This is in reasonable agree-
ment with that in annealed MoSi2 (11761) ps. Obviously,
the long lifetime of 139 ps results from positron annihilation
in radiation-induced vacancies. This lifetime, which is rela-
tively low for positron annihilation in a vacancy-trapped
state ~see Fig. 1!, indicates that the positrons are not strongly
trapped in the radiation-induced vacancies. As the irradiation
energy increases to 3 MeV, a longer lifetime of tv5156 ps
appears, which indicates stronger localization of positrons in
the vacancies. The significant difference between these pos-
itron lifetimes indicates that 0.5-or 3-MeV irradiation gives
rise to positron trapping in different types of vacancies.
For a further discussion on which sublattice of MoSi2
TABLE I. Positron lifetime components t i with their relative intensities I i (i50,1), the lifetime for
positrons in the free sate (t f) and the vacancy-trapped state (tv) as well as the mean positron lifetime t¯ in





components t0 ~ps! I0 ~%!
t l ~ps!
(t l5tv) I l ~%! t f ~ps! t¯ ~ps!
Annealed MoSi2
~800 K, 16 h!
1 11761 100 0 0 11761 11761
0.5 MeV 7.531023 2 7465 2864 13962 7264 11368 12262
1 MeV 1.431023 2 7663 2562 15661 7561 12362 13662
2 MeV 4.431022 2 5865 661 15661 9461 15062
3 MeV 3.731022 1 0 0 15661 100 15661
FIG. 1. Relationship between the positron lifetime in the free
state (t f) and vacancy-trapped state (tv) measured by experiment
~Refs. 10 and 34! and the valence electron density (rel) for pure
metals and intermetallic compounds. The valence electron density
rel5(n3Nel)/V is given by the number of atoms (n), the mean
number Nel of the outer s, p, or d electrons per atom, and the
volume of the unit cell (V).
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vacancies are predominantly introduced by low- or high-
energy electron irradiation, the threshold displacement ener-
gies Td for the two types of atoms have to be considered.
Ifthe energy Ecol transferred to a lattice atom by an impacting
electron is above the Td , then a permanent atomic displace-
ment is effectuated. Since experimental values for the




, are unavailable, we will try to make an estimate.
Corbett and Bourgoin reported a linear relationship between
the displacement threshold energies and the reciprocal lattice
constants for binary compound semiconductors with cubic
structures,12 which has been successfully used to estimate
the displacement threshold energy Td of various
compounds.13,14 For the estimate of Td
Si and Td
Mo for MoSi2
a plot of the atomic displacement threshold energies of
the components for various compounds as a function of
the reciprocal unit-cell volumes (V) is presented in Fig. 2.
For MoSi2 with 1/V512.41 nm23 the displacement
threshold energies Td
Si520– 32 eV for a Si atom and
Td
Mo532– 40 eV for a Mo atom in MoSi2 are estimated from
Fig. 2, taking additionally into consideration the slightly
lower Td values for the lighter atom and slightly higher val-
ues for the heavier atom as observed, e.g., in TaC and SiC
~Fig. 2!.
When we now consider the maximum energies transferred
to Si atoms (Ecol558 eV) or Mo atoms (Ecol517 eV) in the
case of 0.5-MeV electron irradiation ~see Table II!, it is evi-
dent that only Si atoms but no Mo atoms can be displaced,
irrespective of the uncertainties in the estimates of the dis-
placement threshold energies Td . Therefore, the positron
lifetime of tv5139 ps measured after 0.5-MeV electron irra-
diation can be assigned to positron annihilation exclusively
in the vacancies on the Si sublattice, VSi . Then, the lifetime,
tv5156 ps after electron irradiation with 3 MeV, is attrib-
uted to positron annihilation in the vacancies VMo on the Mo
sublattice, which is further confirmed by the Doppler broad-
ening measurements ~see Fig. 3!. It should be commented
here that both positron lifetimes, for VSi and VMo , appear to
be small compared to the behavior in other solids. This may
be due to an only weak positron trapping potential of VSi or
a strong structural relaxation of Si atoms around VMo .
For a specific identification of the location of vacancies in
compound solids, the technique of the coincident measure-
ment of the Doppler broadening of the positron-electron an-
nihilation photons has been employed on ZnSxSe12x ,8 InP,20
GaAs,21 SiC,22 and FeAl,23 and atomic aggregations in
Fe-Cu alloys.24 Positron annihilation with core electrons of
high momenta yields larger Doppler shifts of the annihilation
photons compared to valence electrons. Therefore, the tail
FIG. 2. Relationship between the displacement threshold ener-
gies Td of some compounds ~Refs. 12–19! and the reciprocal of
their unit-cell volumes V21. m, mean values; d, heavier atom; s,
light atom. The position for MoSi is indicated by an arrow.
FIG. 3. Ratio of area-normalized counts of two-detector Doppler
broadened spectra of positron annihilation in pure Mo, Si and an-
nealed MoSi before and after electron irradiation with different en-
ergies at temperatures between 80 and 200 K. The spectra are nor-
malized to the smoothed Si spectrum, which therefore gives a
straight line.
TABLE II. Maximum energies transferred to a Si or a Mo atom (Ecol) @Ecol52E(E12mc2)/Mc2, where E is the energy of the
irradiation electrons, c is the velocity of light, m is the rest mass of the electron, and M is the mass of the target atom.# after an elastic
collision with electrons of the energies 0.5–3 MeV together with atomic displacement threshold energies (Td) in MoSi2 .
Atoms
Maximum transferred energies, Ecol ~eV! Displacement
threshold energies
in MoSi2 , Td ~eV!0.5 MeV 1 MeV 2 MeV 3 MeV
Si 58 155 462 922 20–32
Mo 17 45 135 270 32–40
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regions (pL>2031023m0c) of the Doppler broadened spec-
tra, which are characteristic of high-momentum core elec-
trons, can be made use of for analyzing the chemical nature
of the atoms surrounding a vacancy, or in the present case,
the sublattice on which the radiation-induced vacancies are
located.
In Fig. 3, data of coincident Doppler broadening measure-
ments on MoSi2 and pure defect-free Mo are plotted after-
normalization to the data on pure defect-free Si. The data of
the Doppler broadened spectra obtained for Mo and Si in the
present work are very similar to those obtained by Nagai,
Tong, and Hasegawa.25 The chemical surrounding of the pos-
itron annihilation site can be specifically characterized by the
slope of a Doppler broadening ratio curve in the high-
momentum core electron regime. This can be demonstrated
by ab initio calculations for SiC and vacancies therein.26 The
data of defect-free annealed MoSi2 in the core electron mo-
mentum range (20– 30)31023m0c exhibit a slope ~marked
as a! quite similar to that of pure Mo ~marked as b! and
entirely different from that of pure Si ~horizontal line!. This
demonstrates that the positron wave function in defect-free
MoSi2 is located predominantly in the vicinity of the Mo
sublattice. This behavior may originate from a substantial
electron charge transfer from Si to the transition metal Mo
similar to the situation in transition-metal aluminides where
a significant charge transferring to the transition metal was
calculated.27–29 This enhances the positron affinity of the Mo
sublattice in MoSi2 in contrast to the pure components,
where for Si a higher positron affinity has been reported than
for Mo.30
After 0.5-MeV electron irradiation of MoSi2 , where va-
cancies are induced exclusively on the Si sublattices, the
Doppler broadening spectrum shown in Fig. 3 is still very
similar to that of defect-free MoSi2 . This supports the pic-
ture that the vacancies with a positron lifetime of 139 ps
induced by 0.5-MeV electron irradiation are located on the Si
sublattice and that the positrons trapped there preferentially
sample the surrounding Mo atoms.
When the electron energy for irradiation is increased, the
average slope of the ratio curves of the electron momentum
distribution in the range of pL5(20– 30)31023m0c of the
Doppler broadening spectra, such as c and d, is changed
towards the behavior of pure defect-free Si, which is ap-
proached with a nearly horizontal behavior after irradiation
with 3-MeV electrons ~see the slope d!. From this change in
slope of the core electron momentum distribution after
3-MeV electron irradiation we can directly conclude that the
positrons are predominantly annihilated in vacancies with
nearest-neighbor Si atoms, i.e., in vacancies on the Mo sub-
lattice ~Fig. 4!. This confirms the picture that has been an-
ticipated from the positron lifetime data where the longer
lifetime of 156 ps has been ascribed to VMo . The detection of
VSi , which are expected to be generated during 3-MeV elec-
tron irradiation concomitantly with vacancies on the Mo sub-
lattice, may be suppressed by a reduced specific positron
trapping rate and a displacement cross section of Si inferior
to that of Mo, in analogy to the displacement cross section of
C lower than that of Ta in TaC.15 The higher displacement
cross section of Mo atoms (sd5107310228 m2) compared
to that of Si atoms (sd526310228 m2)14,31,32 leads to a
vacancy concentration on the Mo sublattice much higher
than that on the Si sublattice in the case of high-energy elec-
tron irradiation.
Divacancies of the types VSi-Si or VSi-Mo may, in principle,
be generated in MoSi2 during 3-MeV electron irradiation ac-
cording to the maximum transferred energies Ecol and the
displacement threshold energies Td of the atoms in MoSi2
~Table II!, whereas the generation of VMo-Mo is less likely.
However, the near zero slope of the ratio curve of the core-
electron momentum distribution in Fig. 3 after 3-MeV irra-
diation demonstrates that the vacancies are surrounded pre-
dominantly by Si atoms, so that in this case predominant
single vacancies VMo on the Mo sublattice are detected. We
think that the relatively low value of the positron lifetime
~156 ps! additionally favors single vacancies.
Above results and discussions indicate clearly that single
vacancies VMo are predominantly induced in MoSi2 after
3-MeV electron irradiation.
It should be mentioned here that the decrease of the Dop-
pler broadening intensity at high momenta pL5(20– 30)
31023m0c upon vacancy generation by electron irradiation
is observed in analogy to the ‘‘localization peak’’ in the ratio
curves of pure Al when positrons are trapped at thermally
formed vacancies.33 However, in the present more complex
situation of vacancies on the Si or Mo sublattices in MoSi2
the very different behavior of the slope of the high-
momentum Doppler broadening can be specifically em-
ployed, together with the data for the pure components, for
identifying the sublattices of the vacancies detected here.
IV. CONCLUSIONS
In the intermetallic compound MoSi2 with favorable high-
temperature properties for structural applications, vacancies
on the Si sublattice (VSi) and predominantly on the Mo sub-
lattice (VMo) were selectively introduced by irradiation with
electron energies either between the displacement threshold
energies of Si and Mo atoms or above these displacement
FIG. 4. Perfect and defected lattice structures of MoSi2 : ~a!
defect-free MoSi2 , ~b! vacancy located on the Si sublattice, ~c!
vacancy located on the Mo sublattice.
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threshold energies, and were specifically detected by both
positron lifetime spectroscopy and coincident Doppler
broadening spectroscopy of the positron annihilation, which
yields information on the local chemical environment of va-
cancies.
After 0.5-MeV electron irradiation below the Mo dis-
placement threshold in the MoSi2 the radiation-induced va-
cancies characterized by a 139 ps positron lifetime are lo-
cated on the Si sublattice (VSi). After 3-MeV electron
irradiation, the positrons are predominantly trapped by va-
cancies with a positron lifetime of 156 ps and a Si rich sur-
rounding as characteristic for vacancies on the Mo sublattice
(VMo).
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